OBJECTIVE: To study the role of alimentary sensory stimulation on the thermic effect of food. SUBJECTS: Nine male healthy volunteers (age: 20 ± 34 y, body mass index (BMI): 17.4 ± 25.3 kgam 2 ). DESIGN AND MEASUREMENTS: Four experimental situations were investigated on different days. Subjects: 1) ate a four course meal containing 2582 kJ (meal), 2) saw, smelt and tasted the same courses (alimentary sensory stimulation), 3) saw, smelt and tasted non-alimentary substances (non-alimentary sensory stimulation), 4) received directly into the stomach the previous meal (tube feeding). Energy expenditure (EE) was measured over a 20 min rest period, then for 110 min. RESULTS: The changes over midday rest EE were: meal 12.0%; alimentary sensory stimulation 3.2%; nonalimentary sensory stimulation 72.6%; tube feeding 5.7%. The increase in EE was higher after the meal than after either alimentary sensory stimulation (P`0.01) or tube feeding (P`0.01); the increases after the last two were, in turn, greater than after non-alimentary sensory stimulation (P`0.05). Only after alimentary sensory stimulation, was the increment in EE signi®cantly correlated with BMI (r 70.700; P`0.05). CONCLUSIONS: The early phase of postprandial thermogenesis therefore depends on both sensory and metabolic events. Furthermore, the sensory component was more pronounced in the lean subjects.
Introduction
The ingestion of food increases energy expenditure (EE). This increment in heat production, called the thermic effect of food (TEF), can be separated into two apparently distinct components. One is an obligatory thermogenesis, related to the energy cost of digestion, absorption, metabolism and storage of nutrients. The other, referred to as facultative thermogenesis, 1,2 is variable and involves loss of metabolizable energy as heat, in response to changes in environmental conditions. 3, 4 Studies in animals 5 ± 7 have demonstrated that foodinduced sensory stimulation plays a role in the early (cephalic) phase of postprandial thermogenesis. In contrast, con¯icting results have been reported in humans. 8 ± 11 Some authors maintain that a part of the TEF is related to food palatability or, more generally, to the sensory stimulation associated with food ingestion. In fact, less heat was produced after bypassing the sensory input by gastric intubation of a meal than that observed after normal ingestion. 8 In the same way, a highly palatable meal has been found to induce a greater increase in postprandial thermogenesis, than that caused by an equicaloric non-palatable meal. 9 Others contradict these results in humans, since no difference was observed after normal meal ingestion, compared to the injection of a similar meal via tube feeding, 10 and since variation in palatability, by addition of kinin in both meals and sucrose solutions, did not induce a variation in the TEF when compared to natural products. 11 In order to re-examine the role of alimentary sensory stimulation in the early phase of TEF for human subjects, four experimental situations were carried out. EE was compared after: 1) ingestion of a meal; 2) identical oral alimentary stimulation without ingestion (sight, smell and taste of the meal only); 3) sensory stimulation by non-alimentary compounds; 4) direct introduction of the meal into the stomach by means of a tube. This role of alimentary sensory stimulation on TEF was evaluated in the most physiological and natural conditions possible. So the measurements were performed at the laboratory in the middle of the day, on subjects placed in a relatively free-living situation.
Methods

Subjects and general protocol
Nine male non-smoker healthy subjects, aged 20 ± 34 y and with a body mass index (BMI) ranging from 17.4 ± 25.3 kgam 2 , gave their written consent to participate in the experiment, which was approved by the local ethics committee. None of them had any history of eating or body weight disorders, nor had they diabetic or digestive problems. None of them were taking medication and all of them were healthy, according to medical check-up. Most of the subjects were students, all had moderate physical activity and were cooperative.
Each subject was exposed at 2 ± 3 d intervals, to one of the four following situations. The ®rst three situations were randomized, as they were homogeneous according to the midday rest period EE. The fourth situation took place last, because a stomach tube was inserted, which might have modi®ed the midday rest EE in comparison with the other situations. The four situations were the following:
1) Ingestion of a four course meal. Comprising mixed vegetables in a mayonnaise sauce (540 kJ); bacon and eggs (832 kJ);¯an (674 kJ); and cookies and jam (536 kJ). Food items were consumed in that order; the ®rst was the richest in lipids (84% of the caloric content), the second in proteins (23%) and the last two in carbohydrates (64% and 74%). The whole meal comprised 51% lipid, 11% protein and 38% carbohydrate. A seven-minute interval separated each course, which was ingested in three minutes.
2) Presentation of the same meal with the same temporal pattern as in 1), but without ingestion. In this situation of alimentary sensory stimulation, the subjects only saw, smelt and tasted the four courses.
3) No ingestion as in 2), but this time the food was replaced by non-alimentary substances. The subjects only saw, smelt and tasted, in turn: Hexitidine (Hextril R , Substancia, Courbevoie, France); toothpaste; aluminium gel phosphate; siam benzoin tincture diluted in water (all were neutral sensory stimuli).
4)
Injection of the meal through a stomach tube. Each of the four courses previously described were mixed separately (10 ml of water was needed to liquefy the cookies and jam) and then injected into the stomach, according to the same alimentary pattern as described in 1). The stomach tube (4 mm in diameter, suction catheter Vygon sterile, Ecouen, France) was put in place on the subjects' arrival, 1.5 h before resting EE measurements, and was removed immediately after the injection of the fourth course. There was no preliminary training session with tube insertion, to prevent any apprehension from the subject. In this situation, two subjects did not tolerate the tube and then withdrew their participation.
Before the experimental situation, the subjects were trained to the EE measurement devices. The day before the test days, intense physical activity was forbidden and food intake was advised to be reasonable, without restricted or excessive quantities, nor excess of coffee, tea and alcohol. On each test day, all the subjects were asked to wake up at the same time, to take a lighter than usual breakfast without ingestion of tea or coffee (for each subject, breakfast was identical in the four situations). All intense physical activity was avoided in the morning. They came to the laboratory at 10.00 h by car or by bus; a catheter was inserted into an antecubital vein, and the subjects were then left to rest in a reclining deck-chair, reading or listening to the radio, in a room at regulated ambient temperature (22 AE 1 C). A 10 min training session for EE measurements took place around 11.00 h. At 11.30 h, after micturition and body weighing, EE was recorded for 20 min to evaluate midday resting metabolism. Then, the meal or the sensory stimuli (alimentary or not) were administered in regular sequences during the subsequent 40 min experimental period. During this period, EE was measured over the 7 min intervals between each ingestion or sensory stimulation. EE was also measured for a further 70 min period, to evaluate postprandial metabolism.
Measurement of energy expenditure
EE assessments were made by indirect calorimetry. Respiratory gas exchanges (oxygen consumption and carbon dioxide production) were continuously measured using a mouthpiece and a mass spectrometer (MGA 2000, Airspec, Biggin Hill, UK). The volume of expired air was calculated using the argon dilution technique 12, 13 : in brief, pure argon as tracer was added to the out¯ow through a mass¯ow controller (FC260, Tylan, Carson, USA) and then measured by the mass spectrometer. EE was calculated from measured oxygen consumption, with adjustments for carbon dioxide production, assuming that 15% oxydation was linked to protein.
14 Variations in EE in each situation were calculated from the midday rest period EE of the test day. EE assessments were previously validated with classical methods and controlled by burning 2 ml ethanol (the coef®cients of variants (CVs) were then 1.09% for oxygen consumption measurements and 0.4% for the ratio of carbon dioxide productionaoxygen consumption measurements).
Blood collection and analysis
The IV line was inserted 1.5 h before the midday rest period EE measurements (that is, approximatively two hours before the ®rst sampling collection). All blood collections were made without the subject's knowledge. Blood samples were drawn 5 min before the start of the meal or sensory stimulation (t 0) (that is, during the midday rest period), then at 5 min and 25 min (that is, during the meal or sensory stimulation), and at 45 min and 90 min (that is, during the postprandial period). Adrenaline (A) and Noradrenaline (NA) were measured in the blood samples as described by Causon et al. 15 Urine was collected at the end of the experiment (140 min) for measurement Alimentary sensory thermogenesis L Brondel et al of A, NA, vanillylmandelic acid and methoxyamines, according to the methods previously described.
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Statistics
The results were ®rst analysed by the Friedman blocktreatment test, then when statistical differences were observed, to the Wilcoxon paired test. Statistical correlations were performed by the non parametric Spearman method. Respiratory quotient (RQ) response was analysed using repeated measures ANOVA to de®ne the time course of change within and between experimental situations. When an effect was signi®-cant, a Student-Newman-Keuls test was performed at each period of time, with SAS-STAT1 software (SAS Institute Inc., version 6, fourth edn, 1989, Cary, USA). Figure 1 shows EE during the different experimental situations. During the midday rest period, values which were nearly identical were not signi®cantly different in the four situations ( Table 1) . The intra individual variation in midday resting EE was 5.1% (ranging from 2.1 ± 10.7%). Taking into account the ®rst three situations, where the subjects had the same midday resting period, the intra individual variation in EE was 4.4% (ranging from 0.7 ± 7.6%). In the meal ingestion situation, EE increased signi®cantly during the meal period (0 ± 40 min) and in the subsequent postprandial period (40 ± 110 min). This increase corresponded to 1.8% of the ingested calories for the 110 min but, according to the regression lines, it can be estimated at 9.2% for a six hour postprandial period. A somewhat smaller increase was observed after alimentary sensory stimulation without ingestion ( Figure 1, Table 1 ). After tube feeding (on seven subjects), EE rose progressively, but only after injection of all four courses (40 min), and it remained below the values observed after the normal meal ingestion. In neither case did EE return to the midday resting values at 110 min after the beginning of food ingestion or alimentary stimulation. After nonalimentary sensory stimulation, no signi®cant changes in EE were observed, contrary to the preceding situations. In the four situations, over the whole 110 min experimental period, the mean changes in EE were 12.0%, 3.2%, 72.6% and 5.7%, respectively, of the midday resting values of the test day (Table 1) .
Results
On the other hand, a negative correlation between BMI and the increment in EE after alimentary sensory stimulation was observed for the 110 min total experimental procedure (r 70.71; P`0.05) as well as for the ®rst 40 min or the last 70 min postprandial period (r 70.69 and r 70.65, respectively; P`0.05) (Figure 2 ). In contrast, no correlation was noted between these parameters after meal ingestion, nonalimentary sensory stimulation and tube feeding. Moreover, a correlation was found (P`0.05) between 
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BMI and the difference of EE, after the meal minus EE after the intragastric meal, on the seven subjects who had taken part in the four situations and this, for the early postprandial phase only (the ®rst 40 min).
Values of the RQ were almost identical and not signi®cantly different during the midday rest period in the four experimental situations ( Figure 3 , Table 1 ). Then, during the ®rst 40 min period, the RQ decreased in all situations. Repeated measures ANOVA show a time effect (P`0.001) and no situation effect. In the subsequent 70 min, RQ increased after normal intake of nutrients (from 0.85 ± 0.91) and after tube feeding (from 0.87 ± 0.95), but remained essentially the same after alimentary or non-alimentary sensory stimulation (0.83 ± 0.84, and 0.83 ± 0.86, respectively). Repeated measures ANOVA display a time effect (P`0.004) and a situation effect (P`0.002), without any interaction between these two parameters: between t 70 min and t 110 min, RQ after tube feeding is higher (P`0.05) than RQ after alimentary sensory stimulation; in the same way, between t 80 and t 90 min, RQ after tube feeding is higher (P`0.05) than RQ after meal or non-alimentary sensory stimulation; during the last 10 min (between t 100 min and t 110 min), RQ after meal and RQ after tube feeding are higher (P`0.05) than those measured after alimentary or non-alimentary sensory stimulations (Table 1) .
There was also a slight, but non-signi®cant, increase in NA in urine after alimentary sensory stimulation ( Table 2) . For technical reasons, plasma catecholamines analysis were performed only for four subjects in the three ®rst situations. Nevertheless, the results obtained indicated no changes in plasma A in any of the three situations (Figure 4a ). However, there was an increase in plasma NA levels, which was signi®cant at t 90 min (P`0.05) after alimentary sensory stimulation (Figure 4b ).
Discussion
These results clearly demonstrate that in the absence of intake of nutrients, alimentary sensory stimulation unlike non-alimentary sensory stimulation led to signi®cant thermogenesis. Over the whole procedure (110 min) under our experimental conditions, this increment in heat production corresponded to 27% of the total increase in thermogenesis, following ingestion of a normal meal providing the same sensory stimulation. When identical nutrients were directly injected into the stomach without oral sensory stimulation, the resulting thermogenesis was 51% of that of the same normal meal. Thus two main components can be observed in the early phase of TEF in humans. One is induced by the olfacto-gustatory andaor cognitive stimulation related to normal feeding; the other is metabolic, induced by the introduction of nutrients into the digestive tract. It is noteworthy that during the 0 ± 40 min period, contrary to the subsequent 70 min period, the sum of these two components did not add up to the normal meal thermogenesis. This energy de®cit can be attributed, in part, to the energetic cost involved in eating, chewing and swallowing. This third component is Values are means AE s.e.m.
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quite small compared to the other two; it appears rapidly and is only observed over a short time.
Even though certain studies 10, 11 have not resulted in the observation of the sensory andaor cognitive component of TEF (that may be attributed to experimental procedure), our results are in agreement with other studies of human subjects and animals. In humans, LeBlanc et al, 8 then de Jonge et al, 19 found that there was less postprandial heat production after tube feeding than after the normal ingestion of a similar meal. Thus, bypassing the oral sensory analyzer decreases the TEF. LeBlanc and Brondel 9 found that TEF was greater after a sensorially varied meal, than after an unpalatable one, although the meals were identical in composition. Similarly, Blondheim et al, 20 observed that TEF after a palatable formula meal, was larger than after an identical formula meal embittered with potassium chloride (KCl). LeBlanc and Cabanac 21 reported that chewing the food and spitting it out without swallowing it, increased EE. In the study of Raben et al, 22 differences in TEF have been positively correlated with differences in palatability of the test meals. In others studies, the effects of spiced meals 23 and cognitive factors such as familiarity with the food, 24 form of the meal, 25, 26 have been demonstrated in the development of the TEF, as well as the role of insulin in the cephalic component. 27, 28 Experiments conducted on animals also support the in¯uence of alimentary sensory stimulation on postprandial thermogenesis. In dogs, 5 EE after sham feeding was similar to that observed after normal ingestion of the identical meal during a phase lasting approximately 40 min, therefore direct intragastric feeding led to a small increase in EE during the same 40 min period, but an increment in EE in the subsequent 75 min period. With dogs, the role of insulin and that of catecholamines in the increment of metabolic rate related to the sensory component of the TEF has also been shown. 29 ± 32 In rats, umami taste of monosodium glutamate, which was proposed to signal the ingestion of proteins, enhanced the TEF. 33 It thus appears that alimentary sensory stimulation has a thermogenic effect in both humans and animals; these responses could be the result of anticipatory re¯exes as suggested by Nicolaõ Èdis. 34 The RQ was measured to evaluate the oxidation of different substrates in the different components of thermogenesis. In all situations, the RQ evolved in three successive phases. Firstly, the RQ decreased due to the pulmonary ventilation rate 14 then, during a transition period, it increased until it reached a value re¯ecting the metabolic rate occurring in the third phase, the last 10 ± 20 min in our experimental conditions. The mean RQ in this ®nal phase, after the normal meal or tube feeding, was above initial values. This indicates a preferential oxidation of carbohydrates after absorption of the nutrients. In contrast, after alimentary or non-alimentary sensory stimulation, the mean RQ was close to values observed during the midday rest period, indicating substrate oxidation similar to that of the midday rest period. Thus, the alimentary sensory thermogenesis appears to result from the oxidation of the storage pool substrates.
In order to gain some clues about the mechanism of alimentary sensory thermogenesis, we measured catecholamines in both plasma and urine. As opposed to other studies, 8, 9, 21, 35 results did not highlight any particular determinants associated with sensory thermogenesis. This was perhaps due to the fragmentation of the meal which was another aspect of the present experiment. However, an increase in NA secretion cannot be ruled out, as indicated in normal eating by others, 36 ± 38 and we did observe a slight increase in NA in plasma and urine after alimentary sensory stimulation.
A major point in our results is that only alimentary sensory thermogenesis, in contrast to the total TEF, was signi®cantly correlated to BMI. The sensory component of the TEF seemed to be more pronounced in lean subjects. In contrast, the metabolic component of the TEF, observed after tube feeding, was independent of the subject's BMI. As other authors have shown, 1, 39, 40 this component is related to the quantity andaor nature of the ingested nutrients and so may correspond to the obligatory component of the TEF. 
The existence of a negative correlation between alimentary sensory thermogenesis and BMI, in this study, may be brought together with the negative correlation binding the TEF and the percentage body fat in healthy subjects noted by Schutz and Jequier. 41 In the same way, the smaller increase in alimentary thermogenesis in our fattest subjects, is in striking corroboration with the relative unresponsiveness of EE to palatable food reported in obese subjects in two studies. 42, 43 In fact, Garrel and de Jonge 42 did not observe, in obese subjects, a greater TEF after normal ingestion of a meal, in comparison to intragastric tube-feeding of the same meal, as it is seen in normal-weight subjects; Hashkes et al. 43 did not observe a greater TEF after ingestion of a palatable meal, in obese patients, compared to an unpalatable one by addition of KCl, contrary to nonobese subjects.
Conclusion
Our results clearly con®rm the existence of two components in the early phase of human postprandial thermogenesis: a sensory component speci®cally induced by alimentary stimulations and a metabolic component. The role of alimentary sensory thermogenesis requires further investigation, but this`cephalic' thermogenesis may indicate anticipatory re¯exes linked to the mechanism of food ingestion and must be taken into account during the studies on TEF, particularly with lean subjects.
